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The hydrophobic probe, l-anilinonaphtlanene-8-sulfonic
acid (ANS), fluoresces very strongly when added to solutions
of native or alkaline chicken liver fructose-1,6-bisphospha-
tase (FbPase). This fluorescence emission was used to detect
conformational changes in the enzyme, FbPase, that resulted
at different pH's and at different concentrations of the
substrate (fructose-1,6-bisphosphate) and the inhibitor
(adenosine 5'-monophosphate). All changes in the fluorescence
emission and emission maximum were attributed to conforma¬
tional changes in the enzyme.
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INTRODUCTION
A specific fructose-1,6-bisphosphatase (FbPase)
possessing an alkaline pH optimum was discovered early in
1943 by Gomori ( 1 ). It was not until some years later
that the successful isolation of the enzyme with neutral
pH optimum v/as reported ( 2 ). Since then, FbPase has been
isolated from a number of sources ( 3 ).
The enzyme, FbPase, catalyzes the hydrolysis of
fructose-1,6-bisphosphate (FbP) to fructose-6-phosphate plus
inorganic phosphate. This is one of the key rate-limiting,
irreversible reactions of gluconeogenesis. The FbPase found
in the liver, kidney, and skeletal muscle of mammals and
avian species can exist in two forms: (1) native or neutral
form and (2) alkaline form. The native FbPase isolated from
rabbit liver has an estimated molecular weight of 144,000
(4,5). In the absence of EDTA the native FbPase was found
to have optimum activity at pH 8.0 (4). The addition of
EDTA shifted the pH optimum to 7.3. This form of FbPase is
composed of four identical subunits with molecular weights
of 36,000, each containing one tryptophan residue per sub¬
unit (4,5,6). Unlike the native form, the alkaline form of
this enzyme contains no tryptophan residues. It has an
estimated molecular weight of 130,000 and optimum activity
at pH 9.5 (7). The fact that the native FbPase has a signi¬
ficantly higher molecular weight than the alkaline FbPase is
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thought to be the result of the digestion of native FbPase
with proteolytic enzymes (2).
Like all other FbPases taken from mammalian species, the
native FbPase from avian species has a high affinity for its
substrate (FbP) and is strongly inhibited by both adenosine
5'-monophosphate (AMP) and high substrate concentrations (8,
Q +
(9), FbPase also requires a bivalent metal ion, either Mg^
Ox
or Mn , for activity CLO) . Han e;t have shown that the
avian FbPase response to cation activation by either Mg^"*" or
Mn^"*" differs from that of mammalian FbPase ( 9 ).
Although the alkaline form of avian FbPase possesses a
high affinity for FbP, it is not inhibited by AMP. The degree
of inhibition of the native turkey and chicken liver FbPase by
the above ligands decreases with an increase in pH, tempera-
Ox
ture, and Mg concentration (11).
FbPase undergoes large conformational changes in the
presence of its substrate, inhibitor or both combined (12).
Pontremoli and coworkers studied the binding of AMP to rabbit
liver FbPase and observed an increase in the presence of FbP
(13). Marquodt and Olson reported the temperature of thermal
inactivation of chicken liver and muscle FbPase (14). Han £t
al. showed that both AMP and FbP increased the thermal
stability of the enzyme, with a greater effect being observed
with AMP (8 ).
Although a considerable amount of work has been done with
mammalian FbPases, little is known about the role, function.
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and properties of avian FbPases. In an attempt to learn
more about avian FbPase, conformational changes under various
conditions have been investigated. It has been shown that
conformational changes in proteins can be detected using
hydrophobic fluorescent probes (15) and the technique of
fluorescence spectroscopy. The probe employed in this study
is l-anilinonaphthalene-8-sulfonic acid (ANS). ANS undergoes
changes in one or more of its fluorescent properties as a
result of noncovalent interaction(s) with hydrophobic resi¬
dues in the enzyme. The conformational changes in FbPase
were monitored by observing either a shift in the emission
maximum and/or a decrease or increase in the fluorescence
intensity of the probe. These changes in fluorescence are
indicative of the changes in the environment of the ANS
probe. Thvis this study revealed information about the enzyme
conformation as a result of changes in pH, and the addition
of the substrate, the inhibitor, or the denaturant urea.
Theory of fluorescence
Fluorescence is the emission of light from an excited
singlet state of a molecule. Because it is an emission phe¬
nomenon and because the intensity and wavelength of the emis¬
sion are dependent upon molecular parameters, fluorescence is
an excellent analytical tool with regard to both sensitivity
and specificity.
At room temperature most molecules occupy the lowest
vibrational level of the ground electronic state (Sq), and
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on absorption of light sec.) they are excited to an
upper electronic state, such as or S2. Once the molecules
are in an excited state they can return to Sq in a number of
ways (Fig. 1)(I6). First, the molecule very rapidly goes
from S2 to the lowest excited state (S^) without emitting a
photon. In other words, the molecule rapidly loses its excess
of vibrational energy by collision and falls to the lowest
vibrational level of the excited state. This loss of excess
vibrational energy continues to take place without emitting
a photon until the molecules have reached the lowest vibra¬
tional level of the first excited state, . After having
reached S^, a number of things could happen to the excited
molecule (17). Some of the possible fates are: (1) fluores¬
cence, a transition (S^ ►Sq) accompanied by emission of a
photon, occuring in a time of 10“^ 10“® seconds; (2) in¬
ternal conversion, which is a radiationless decay to
(Sj^'^^vw^Sq) ; and (3) intersystem crossing, which is a transi¬
tion to an excited triplet state, , (S-|^'vww>^T^). may
return to the ground state in a radiative process termed phos¬
phorescence (milliseconds), or it may return to Sq via
radiationless decay.
Since the emission of fluorescence always takes place
from the lowest vibrational energy level of the first excited
state, the position of the emission spectrum is always the
same in a given environment despite changing the wavelength
of the exciting light. Hence, the fluorescence spectrum is
interoiomic dislonce olong
critical coord in ate
Fig. 1. Potential Energy Diagram and Excited State Process.** The above
presents a schematic energy-level diagram showing electronic states
and associated vibrational levels.
**Taken from G. G. Guilbault "Practical Fluorescence, Theory, Methods, and
Techniques," Marcel Dekker, Inc., New York, N.Y., 1973, pp. 22.
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independent of the wavelength of the exciting light.
Quantiim Yield
The absorption of light results in the formation of
excited molecules which can in turn dissipate their energy
by decomposition, reaction, or emission. The efficiency with
which these processes take place is given by the quantum yield,
(fij,, which is defined as (18):
number of quanta emitted
K =
number of quanta absorbed
Quantum yield never exceeds unity. If, however, the (fip for a
system is equal to one it means that all of the absorbing
molecules returned to the ground state via fluorescence. If
some other route were taken, then will be less than one.
The quantum yield of a system is a difficult characteristic
to measure, Nevertheless, it can give valuable information
concerning the environment of a molecule.
Fluorescence of Flourescent Probes
Fluorescent probes may be defined as small molecules which
undergo changes in one or more of their fluorescence properties
as a result of noncovalent interaction with a protein or other
macromolecule (iS. They are quite similar to adsorption indi¬
cators, and their interaction with proteins may be described
in terms of the stoichiometry and affinity of binding CL5) •
Their behavior may be studied by standard equilibrium methods
(19).
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Ideally, the changes in fluorescence of a probe should
be interpretable in terras of its interactions with particular
structures on the protein. In other words, the emission
characteristics should reveal whether the probe is in a polar
(red shift or lower energy) or nonpolar (blue shift or higher
energy) environment and whether it is near another chromophore
(17).
The spectral shifts in the emission spectra of these dyes
were interpreted by Lippert's theory (20) relating the amount
of dipole-dipole interaction in the excited state. Similarly,
the fluorescent properties of organic molecules covalently
linked to proteins may depend upon the conformational state
of that protein (21).
The characteristically high quantum yield of the dyes
bound to certain proteins and the sensitivity of their fluo¬
rescence to the environment make them useful as indicators of
structural changes which affect the binding sites (22).
Frattali et aJ^. reported marked changes in diraethylnaphthalene
sulfonylchloride (DNS) intensity when allowed to adsorb to
pepsinogen. The changes observed in the DNS fluorescence
were due to a structural transition or conformational change
(23), when pepsinogen was converted to pepsin. Edelhoch and
coworkers used DNS fluorescence intensity to follow denatura-
tion of bovine growth hormone (24). Millar and colleagues
also used DNS to study the interaction of trypsin and a
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specific protein inhibitor of trypsin (25). Parker et al.
have used ANS to study the homogeneity and binding properties
of isolated immunoglobulins in the immune response (26).
They also used e-N-DNS-lysine complex to study the homogeneity
and binding properties of isolated immunoglobulins in the
immune response (27). Parker was also able to determine the
rotational relaxation time of native thyroglobulin from
polarization measurements of thyroglobulin coupled to DNS (28).
The fluorescence of a fluorescent probe has been found
to change with marked changes in the environment about the
probe; the quantum yields and spectra of many compounds are
sensitive to changes in pH, temperature, viscosity, dielectric
constant, and other factors (22). Styrer has demonstrated
the usefulness of ANS as a fluorescent probe of nonpolar
binding sites in studies with apomyglobin and apohemoglobin.
He observed that binding of the dye to these proteins pro¬
duced an increase in the fluorescence yield of about 200
fold (29). Steiner and Edelhoch reported that the fluores¬
cence of a fluorescein carbamide label, or Bovine Serum
Albumin (BSA), diminished in the alkaline pH region where
the protein unfolds, although fluorescein itself is intensely
fluorescent at high pH (30). Dodd and Radda have reported
that ANS is a suitable fluorescent probe for following
transitions of state in glutamate dehydrogenase (GDH) caused
by guanosine triphosphate (GTP) and other inhibitors (31).
The interaction of ANS with GDH results in a large enhancement
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of ANS fluorescence and a blue shift in the emission
spectrum (32).
The aqueous solutions of the compounds become brightly
fluorescent following the addition of solutions of adsorbing
proteins such as serum albumin or heat denatured proteins
(33). Many proteins enhance ANS fluorescence, with increased
efficiency after hydrophobic amino acid side chains are
exposed by thermal denaturation (34). Gaily and Edelman found
that changes in ANS fluorescence accompany the thermal transi¬
tions of Bence-Jones proteins (34).
An investigation carried out by McClure et provided
evidence that ANS is a probe for hydrophobic regions in pro¬
teins (35). As a result, they proposed that the high quantum
yield characteristic of ANS dissolved in protein solutions
must be due in large part to interactions between ANS and hy¬
drophobic regions on the protein surface (35). Callaghan and
Martin detected the denaturation of serum albumin by the loss
of its ability to form the characteristically fluorescent
complex with ANS (36).
The fluorescence of ANS derivatives was studied by Foster,
who proposed that planarity of the two ring systems was
necessary for increasing the fluorescence efficiency. Pre¬
sumably, the binding of anilinonaphthalene sulfonates onto
proteins brings about this planarity (37). Subsequent work on
both ANS and TNS indicated that hydrophobic solvents alone
are sufficient to produce a high quantum yield, so that
planarity may be largely irrelevant (35). Concomitantly,
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Edelman and McClure showed that the enhancement of quantum
yield and shift to shorter wavelengths of maximal emission,
which occur when solvent polarity is decreased, are also
seen in other solvents (15).
Turner and Brand studied the effect of solvent polarity
and viscosity on several dyes of the N-arylaminonaphthalene-
sulfonic acids which do not fluoresce in water although they
have relatively high quantum yields of visible fluorescence
when dissolved in organic solvents or aqueous solutions of
various proteins (38). Two such examples of fluorescent
probes are ANS and TNS. These compounds are practically non-
fluorescent in aqueous solutions (cj) = 0.004), but fluoresce
strongly when adsorbed to BSA (4) = 0.75) or to denatured pro¬
teins, or when dissolved in organic solvents, e.g., in ethanol
((p = 0.37)(38).
One of the earliest applications of TNS was in a study
of the action of the antibiotic polymyxin on bacterial cell
walls (39). Using TNS, Kingdon observed changes in conforma¬
tion of glutamic synthestase produced by binding of metal ions
(40). Fluorescent probes, because of their sensitivity, are
particularly valuable in studies of antigen-antibody interac¬
tions. Therefore, Winkler used TNS to study the interaction
of antibodies to naphthionic acid (41). Subsequently, ANS was
used by Weber and coworkers in binding titrations of BSA (34),
and in studies of the molecular expansion of protein which
occurs at acid pH (42). Laurence has used ANS in the charac¬
terization of histone fractions from calf thymus (43). He
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also studied the fluorescence enhancement produced by the bind¬
ing of various substituted naphthalene-sulfonates to BSA (19).
Yoo £t aJ. used 1,4-ANS to study the binding properties of the
isolated light chains of purified specific antibodies (44).
TNS was used by McClure and coworkers as a hydrophobic probe to
study the conformation of chymotrypsin in the presence and ab¬
sence of competitive inhibitors (45). Pogell et monitored
the conformational changes of rabbit liver FbPase in the pre¬
sence of its substrate and inhibitor with ANS (46).
Fildes proposed a fluoremetric method which employs ANS
for the detection of albumin in seriim (47). Weber and Young
studied the acid expansion of BSA with ANS (42). Chen used ANS
to show that a defatting procedure using charcoal treatment did
not denature serum albumin. This was shown by retention of
several properties of the ANS-BSA complex (48). Green found that
avidin had a hydrophobic binding site for ANS, presumably the
same site as bound biotin. Nevertheless, the quantum yield of
ANS fluorescence was much less than that of ANS-BSA complex
(49). Duke £t reported that myosin enhanced the fluorescence
of ANS after modification by several inhibitors of ATPase ac¬
tivity (50). The dissociation of lactic dehydrogenases by acid
was correlated by Anderson and Weber with an increased ability
to augment ANS fluorescence (51). Weber and Young followed the
peptic digestion of BSA by a decrease in its affinity for ANS
(42). Brand and Gohlke reported that ANS inhibits alcohol de¬




The ammonium salt of l-anilinonaphthalene-8-sulfonic acid
was obtained from the Sigma Chemical Company, St. Louis, Mo.
It was recrystallized twice from hot water by the method of
Young and Weber (4^ . D-fructose-1,6-bisphosphate and adeno¬
sine 5'-monophosphate were obtained from Sigma Biochemicals,
St. Louis, Mo. TEAM (tris-hydroxymethyl aminomethane) and
urea were purchased from Fisher Scientific Company. The sodium
salt of EDTA (ethylenediaminetetraacetic acid) was obtained
from J. T. Baker Chemical Co., Phillipsburg, N. J. The chicken
livers were purchased from Harrison Poultry Inc., Bethlehem,
Ga. and purified by standard methods (11).
Methods
The concentration of the aqueous ANS solution was deter¬
mined spectrophotometrically with an Acta CIII Beckman
Spectrophotometer at 350nm. An extinction coefficient of
4.95xlO^M“lcm“^ was used (42). The protein concentration of
the purified enzyme was determined spectrophotometrically
at 280nm against a standard (l.Omg dry weight of FbPase with
an O.D. of .75). The instrument used was mentioned above.
EDTA (O.lmM) was added to all solutions to complex any residual
heavy metals. Each experiment was completed within 3-4 days
after obtaining fresh enzyme to obtain reproducible results.
12
13
The fluorescence studies were carried out with a MPF-44A
Perkin-Elmer Fluorescence Spectrophotometer with a corrected
spectra unit. The excitation and emission curves recorded
from most spectrofluorometers are only approximate and do not
represent the true fluorescence spectra. They have to be
corrected to yield a true spectrum.
When making fluorescence measurements, either excitation
or emission wavelengths can be scanned and the spectra recorded
will contain the spectroscopic characteristics of the source,
detector and monochromators used. The shapes of the excitation
and emission spectra will, therefore, change with individual
instruments and with time. A corrected spectra device is re¬
quired to eliminate these special characteristics and provide
true spectra. The corrected spectra unit, used with Perkin-
Elmer Fluorescence Spectrophotometers, corrects raw measure¬
ments so that corrected spectra are recorded.
Fluorescence Studies.—Fluorescence emission measurements were
obtained at room temperature. Quartz cells (10mm) containing
3.01ml aliquots of sample were used. The emission spectra
were recorded on an Omnigraphic X-Y recorder Series 2000 with
wavelength intensity. The samples were excited at 380nm
and scanned from 400-600nm to obtain emission spectra. A slit
width of lOnm was used for both excitation and emission.
The experimental samples for the fluorescence studies were
prepared by first reacting a buffered FbPase solution (at pH
7,8, or 9) with ANS, and then adding to this the following:
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(1) .5mM FbP; (2) .5mM FbP + .SmM AMP; (3) ImM FbP;
(4) ImM FbP + ImM AMP; (5) .SmM AMP; (6) .SmM AMP + .SmM FbP;
(7) ImM AMP; and (8) ImM AMP + ImM FbP. Concentrations of
urea, ranging from 2M to lOM in increments of 2, were added
to the FbPase-ANS solution at pH 7.0.
ANS and FbPase were not studied on a 1:1 mole ratio but
were studied on a 1:3x10“^ mole ratio (ANS:FbPase) to ensure
that adequate ANS had adsorbed to the enzyme. Both forms of
FbPase (native and alkaline) were studied under the same
conditions.
RESULTS AND DISCUSSION
Fig. 2 shows that the addition of FbPase to aqueous ANS
solutions greatly enhanced the fluorescence intensity of ANS
and shifted the emission maximum toward the blue. The
excitation wavelength was 380nm and the emission maximum
appeared around 530-545nm depending on the pH of the FbPase-
ANS solution. Under these conditions aqueous ANS and FbPase
solutions showed little or no fluorescence emission. And
neither did AMP nor FbP when excited at 380nm and scanned
from 400-600nm,
Tables 1-4 show the effect of varying the concentration
of the substrate and the allosteric inhibitor on the fluores¬
cence emission of FbPase-ANS. Table 1 compares the average
fluorescence emission of native FbPase-ANS alone to that of
FbPase-ANS with AMP added first followed by the addition of
FbP. It shows that when .5mM or ImJl AMP was added to FbPase-
ANS, the emission increased. The addition of ,5mM or ImM FbP
to FbPase-ANS + AMP caused the emission to decrease only, with
the greatest decline occurring at pH 9.0 and .5mM FbP. Table
2 compares the average fluorescence emission of native FbPase-
ANS alone to that of FbPase-ANS with FbP added first followed
by the addition of AMP. These results show that the addition
of .5mM or ImM FbP to FbPase-ANS enhanced the emission, while
the addition of AMP enhanced the emission even more. Table 3
compares the average fluorescence emission of alkaline
15
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Fig. 2. Fluorescence Emission Spectra of Native
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FbPase-ANS alone to that of FbPase-ANS with AMP being added
first followed by the addition of FbP. This table shows that
the emission was increased when AMP was added and that it
decreased when FbP was added to the FbPase-ANS + AMP complex.
Table 4 compares the average fluorescence emission of alkaline
FbPase-ANS alone to that of FbPase-ANS with FbP being added
first followed by the addition of AMP. These results show that
the addition of FbP to FbPase-ANS increased the emission, and
the addition of AMP to the FbPase-ANS complex enhanced the
emission even more. All tables show that the addition of AMP
or FbP alone to the FbPase-ANS complex at .5mM or ImM increased
the fluorescence emission of both the native and alkaline
FbPase-ANS with AMP producing the greater enhancement of emis¬
sion. These findings are in agreement with those presented
in previous work done on turkey liver FbPase (12). Those re¬
sults revealed that low concentrations (.ImM, ImM, and .5mM)
of FbP or AMP added to FbPase-ANS increased the fluorescence
emission of FbPase-ANS with AMP bringing about the greatest
increase. They also showed that the magnitude of the decrease
with high concentrations of FbP was much less than that with
AMP (12). These observations confirmed that FbPase does under¬
go conformational changes upon the binding of FbP or AMP alone
or in combination.
Fig. 3-6 show how the addition of FbP or AMP (alone or
in combination) affects the fluorescence emission of FbPase-
ANS. Figure 3 shows that there was an increase in emission
when .5mM FbP was added to native FbPase-ANS before addition
23
Fig. 3. Fluorescence Emission Spectra of Native




Fig. 4. Fluorescence Emission Spectra of Native








Fig. 5. Fluorescence Emission Spectra of Alkaline
FbPase-ANS with Substrate (O.SmM FbP) and
Inhibitor (O.SmM AMP).









Fig. 6. Fluorescence Emission Spectra of Alkaline





of AMP. There was no shift in the emission maximum when
.5mM AMP was added to the FbPase-ANS + FbP complex. These
results differ from those presented in Fig. 4, where the
inhibitor was added before FbP. Figure 4 shows that the addi¬
tion of ImM FbP to native FbPase-ANS + AMP produced not only
a decrease in emission but also a shift in the emission maxi¬
mum tov/ard the red (a more hydrophilic environment) suggesting
that FbP is quite capable of changing the conformation of the
enzyme. The binding of FbP to FbPase increases the enzyme's
affinity for AMP. These observations were noted when the
emission decreased after adding FbP to the enzyme; inferring
that ANS was in a more hydrophilic environment, thus decreasing
its fluorescence. Results from previous work on turkey liver
FbPase revealed that higher concentrations of FbP induces an
even more pronounced shift in the emission maximum, suggesting
that the substrate does promote alterations in the enzyme
conformation.
The results in Table 5 show the effect that the addition
of 2M, 4M, 6M, 8M, and lOM urea had on native FbPase-ANS. The
addition of 2M, 4M, 6M, and 8M all resulted in an increase in
the emission indicating that ANS was exposed to more hydropho¬
bic residues as the urea concentration was increased, except
for the addition of lOM urea. At this concentration the
emission decreased, signifying that the fluorescence of the
probe has been quenched. In other words, when the probe was
exposed to a more hydrophilic environment, the enzyme began
32


























to denature at lOM urea. Fig. 7 shows how urea affects the
native form of the enzyme. There was no significant shift
in the emission maximum. Table 6 shows how the addition of
urea to alkaline FbPase-ANS affected the emission. These
results show a nonspecific increase in the fluorescence
emission. The results in Fig. 8 show that the addition of
2M, 4M, 6M, and lOM urea caused the emission maximum to shift
toward a more hydrophobic environment and the addition of 8M
urea to FbPase-ANS shifted the emission maximum back toward a
more hydrophilic environment. These results suggest that al¬
terations in the enzyme structure take place at all concentra¬
tions. This observation also suggests that the two forms of
FbPase are different.
Table 7 shows how time affects the native FbPase-ANS + AMP
complex. These results show that the emission increases as
time progresses. This suggests that at higher concentrations
of AMP, the intensity would decrease with an increase in time.
Fig. 9 shows how the emission was increased after 30 min
intervals. There was no shift in the emission maximum. Table
8 shows that time does have an effect on the alkaline FbPase-
ANS + AMP complex. The emission increases with time. The
results in Fig. 10 show no significant shifts in the emission
maximum. These findings indicate that the enzyme is constantly
undergoing conformational changes with the greatest change
occurring over longer periods of time such as 2-3 hr.
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Fig. 7. Fluorescence Emission Spectra of Native
FbPase-ANS with 2M, 4M, 6M, 8M, and lOM
Solutions of Urea.
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Fig. 8. Fluorescence Emission Spectra of Alkaline
FbPase-ANS with 2M, 4M, 6M, 8M, and lOM
Solutions of Urea.
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Fig. 9. Fluorescence Emission Spectra of Native





































Fig. 10. Fluorescence Emission Spectra of Alkaline




The data and spectral observations presented in this
study support the conclusion that the enzyme, FbPase, does
undergo conformational changes when subjected to varied en¬
vironmental conditions. Dilute solutions of ANS showed negli-
ble emission when observed alone, but fluoresced very strongly
when FbPase was added.
The substrate induced a conformational change in the en¬
zyme that quenched the fluorescence emission of the hydropho¬
bic probe, ANS. Hence, the hydrophobic residues were buried
during the conformational change. The binding of FbP to FbPase
also increased the affinity of the enzyme for AMP. The addi¬
tion of FbP to native FbPase-ANS + FbP resulted in the shifting
of the emission maximum toward the red — a more hydrophilic
environment — but no significant change in the emission maxi¬
mum was observed when FbP was added to the alkaline FbPase-ANS
+ AMP. This shows that the native and alkaline FbPase do
differ in their structures.
Hence, on the basis of these and previously noted obser¬
vations, it can be concluded that ANS is a very sensitive
hydrophobic probe and that both the native and alkaline forms
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